Global Navigation Satellite Systems (GNSSs) use internal reference time scales: GPS Time, GLONASS Time, Galileo System Time and BeiDou System Time. Constructed from a clock ensemble, they are designed for internal system synchronization, necessary to produce a navigation solution. They are usually steered to an external stable reference time scale, for example UTC(USNO), modulo 1 s, for GPS time. To achieve safe operation of a GNSS, a system time should preferably be a uniform time scale not affected by the leap seconds of Coordinated Universal Time (UTC). But this is not compatible with international recommendations that radio broadcast time signals should conform as closely as possible to UTC. This paper describes the various approaches chosen by GNSS providers and the relation between GNSS system times and UTC in terms of numbering of seconds. Different solutions for numbering seconds do not help the GNSS interoperability. This paper also explains why, on some occasions, GNSS system times play a role of alternative time scales with the consequent risk of confusion.
Introduction
This paper provides a brief description of the definitions of various time scales and GNSS system times. Included are the definitions of Galileo System Time (GST), with its relation to international time scales TAI and UTC, GPS and GLONASS system times and the future Chinese BeiDou, Japanese QZSS and Indian GAGAN and INRSS system times.
Each Global Navigation Satellite System (GNSS) needs for its navigation solution an internal reference time scale. As these reference times are broadcast, they provide excellent tools for worldwide dissemination of accurate time. Our paper especially addresses the choice of the numbering of seconds of the various GNSS system times and their relation to Coordinated Universal Time (UTC). We highlight the risk of confusion when these time scales have different systems of numbering seconds.
The International Bureau of Weights and Measures (BIPM), located in Sèvres near Paris, is responsible for the monthly computation and publication of the international reference time scale Coordinated Universal Time (UTC) [1] . From time to time a leap second (positive or negative) is added to UTC to keep it in step with the slightly irregular rotation of the Earth [1, 2] . UTC is based on the uniform atomic time scale International Atomic Time (TAI) to which leap seconds are not applied. TAI and UTC are paper time scales, but UTC, unlike TAI, has real-time approximations maintained at the national laboratories and astronomical observatories that supply the data for its calculation. The International Telecommunication Union (ITU) recommends that all standard frequency and time signal emissions should conform as closely as possible to UTC [3] . Also the 15th General Conference on Weights and Measures (CGPM), noting that UTC provides the basis of civil time, the use of which is legal in most countries, judged that its usage should be strongly endorsed [4] .
Ideally, GNSS system times should follow the recommendations of the ITU and the CGPM, and conform as closely as possible to UTC, including its leap seconds. However, it is difficult for a GNSS to deal with the discontinuities that arise when a leap second occurs because it would usually be done by stopping the clocks for 1 s. This is difficult for a system that is measuring physical observables (positions of moving objects) that do not stop for 1 s. In practice, only GLONASS system time actually follows UTC strictly with its leap seconds [5, 6] . Other GNSS have chosen to use uniform time scales that do not include leap seconds. For example, GPS uses GPS time, which is a continuous time scale without leap seconds. It was set in 1980 to have zero second difference with UTC. GPS time is 19 s behind TAI, and in 2011, 15 s ahead of UTC.
In the early stages of the definition of the Galileo system it was decided that GST would be a continuous time scale, without leap seconds, and that TAI would be used as reference for numbering seconds and steering the GST. However, the final decision has been to set up GST with zero second difference with GPS time, and steered to UTC, modulo 1 s. This solution should enhance the interoperability between the two systems. The Chinese system BeiDou has chosen another reference epoch for its continuous internal system time BeiDou System Time (BST), which is 1 January 2006, 0 h 00 UTC [7] .
Each of these systems is programmed to broadcast a prediction of UTC, including the leap seconds. But at the same time they also broadcast their respective GNSS times which are more convenient for some applications since they are uniform time scales. Despite this positive aspect, that each system broadcasts a prediction of UTC, such proliferation of various time scales is likely to lead to confusion. In particular, ambiguities will arise when a GNSS system time is used in an application that also uses UTC, thus provoking inconsistencies in the dating.
As a result of these and many other considerations, the utility of leap seconds is under discussion within the ITU [8] . A draft revision of Recommendation ITU-R TF.460-6, proposing the abolition of leap seconds in UTC, was submitted to the ITU Study Group 7 for adoption in October 2010, and will be put to the consideration of the ITU Member States at the Radiocommunication Assembly in January 2012.
Definition of the international time scales
The following gives brief descriptions of various timescales:
Universal Time UT1. UT1 is computed from the raw observed universal time UT0 by correcting it for the effect of polar motion on the longitude of the observing site. UT1 is commonly understood as a time based on Earth rotation and is close to what used to be known as GMT. It is loosely related to the apparent diurnal motion of the Sun and served as the basis for the definition of the second until 1956, when the International Committee for Weights and Measures (CIPM) adopted a new definition based on ephemeris time, which refers to the period of the orbit of the Earth around the Sun [9] . This decision was ratified by the 11th General Conference on Weights and Measures (CGPM) in 1960 at the same time as it adopted the International System of Units, SI.
International Atomic Time TAI. TAI is an atomic time scale with its second equivalent to the second of ephemeris time as adopted in 1956. Measurements with atomic standards first became possible in 1955 with the first operational caesiumbeam standard at the National Physical Laboratory (NPL) in the United Kingdom [10] . The 13th CGPM (1967/1968) adopted a definition of the SI second, based on a caesium transition, and opened the way towards the formal definition of International Atomic Time (TAI). TAI is an international time standard. The origin of TAI was set such that UT1 − TAI was approximately 0 on 1 January 1958. TAI is a coordinate time scale defined in a geocentric reference frame with the SI second as realized on the rotating geoid as the scale unit. It is established at the BIPM on the basis of the readings of about 400 atomic clocks operating in various establishments around the world in accordance with the definition of the second. TAI has scientific applications, but it is not physically represented by clocks. Consequently it is not used for time dissemination.
Coordinated Universal Time UTC. UTC is currently defined as an atomic time scale adjusted to be close to UT1. Before 1972, this was done by introducing changes in the length of the UTC second as well as by step adjustments, principally to facilitate navigation by celestial observations. The UTC system as defined today is a stepped atomic time scale (i.e. a scale that includes leap seconds) and was adopted in 1972 on the recommendation of the Radiocommunication Sector of the ITU (ITU-R) [3] . It has been defined so that the difference between UTC and UT1 remains less than 0.9 s in absolute value and is adjusted by integer (leap) seconds. The leap second, either positive or negative, is introduced into UTC whenever the International Earth Rotation and Reference Systems Service (IERS) recommends that an adjustment is necessary based on astronomical observations of the Earth's rotation [2] . The periodicity of application of the leap seconds is irregular, depending on the unpredictable long-term irregularities of the Earth's rotation. In 2011, the difference between the continuous TAI and UTC amounts to 34 s [1, 2] . UTC has been adopted by the ITU-R as the international time scale for time dissemination. It is derived from TAI by applying a correction of an integral number of seconds. Like TAI, UTC is a 'paper' time scale, but it is approximated by local physical representations UTC(k) through clocks in national metrology laboratories and observatories that contribute to the formation of the international time scales at the BIPM.
The dissemination of UTC is provided by the publication in the monthly BIPM Circular T, which gives traceability to UTC via the approximations UTC(k), see some examples in figure 1 and [1] . The broad dissemination of UTC through broadcast and satellite time signals is the responsibility of the national metrology laboratories and some observatories, following the recommendations of the ITU-R [3] . In many countries UTC is used as the basis for the definition of legal times. Also, predictions of some UTC(k) times are broadcast by GNSSs.
GNSS system times
GNSSs rely on precise time to enable precise ranging measurements for positioning, where the requisite is intrasystem consistent synchronization. For this purpose they maintain internal system times using a clock ensemble and an algorithm designed for the purpose-very much the way TAI is computed.
This process is similar to what is generally understood as the generation of a timescale, but the metrological requirements are not necessarily the same. Without some kind of steering, system times based on different time scales would gradually diverge. As GNSS system times are broadcast, they should follow the recommendations of the ITU and the CGPM, and conform as closely as possible to UTC, including its leap seconds. System times are thus typically steered to local realizations of UTC, modulo 1 s, thus contributing to their quality and to the interoperability of various GNSSs. But, because of the difficulties that GNSSs encounter when dealing with leap seconds, most GNSSs do not apply leap seconds to their system times, instead they adopt different strategies. Below we address numbering of seconds of various GNSS system times and their relation to Coordinated Universal Time (see figure 2 ): • Terrestrial radio navigation LORAN-C (LOng RAnge Navigation-C), still in use in some countries, is using system time not perturbed by leap seconds. LORAN-C system time is 10 s behind TAI, and in 2011, 24 s ahead of UTC.
GNSS system times for operational purposes do not need to be related to external standards; however, they may be steered to an external time scale following constraints on their maximum tolerated departure. This is for example the case of GPS time, which follows UTC, modulo 1 s, via its local representation UTC(USNO) at the US Naval Observatory (USNO) (see figure 3 and table 1 ). The steering strategy of the system time is designed to keep the system time within 1 µs of UTC(USNO), modulo 1 s, and is actively corrected to a more precise value by means of data transmitted in the GPS satellites' Navigation Message [11] . Over the past few years, the time difference between GPS time and UTC has been within tens of nanoseconds.
GLONASS time is steered to the Russian representation of UTC to keep the system time within 1 µs of UTC(SU) (see figure 4 and table 1).
It should be stressed that system times are not dedicated to metrological purposes; they are primarily aimed at serving the GNSS navigation solution. Yet it happens that for some applications, uniform time scales such as GPS time are preferred to UTC with its leap seconds, and in the future this will be the case for GST and BST. Obviously such proliferation of various time scales will give rise to an increasing risk of confusion among users. A typical illustration of this is the measurement of a time interval that crosses a leap second; it will have a different duration depending whether UTC or GNSS time is used to mark the beginning and end points of the interval. The International GNSS Service (IGS) uses GPS time for tagging (identifying or marking) some of its products; also RINEX format used for GNSS data exchange is using GNSS system time for tagging. Users of these data must be aware of the properties of their time reference and not confuse it with UTC. Sometimes inconsistency in the choice of the time reference exists within a GNSS: some internal parts of the system are tagged to the uniform system time but its external time reference is UTC. The biggest difficulty happens when crossing 0 h 00. Then in the course of 15 s (as in 2011) various parts of a GNSS time system refer to two different days, this constitutes a major difficulty for operators. Another case of confusion may arise with the Modified Julian Date (MJD), by definition referred to UTC tagging, when it is used for GNSS uniform time tagging.
An additional example of the difficulties that can arise when using a GNSS time for civil application is the ambiguity from the GPS week number rollover. The GPS Week Number count began at approximately midnight on the evening of 05 January 1980/morning of 06 January 1980. Since that time, the count has been incremented by 1 each week, and broadcast as part of the GPS message. The GPS Week Number field is modulo 1024. This means that at the completion of week 1023, the GPS week number rolled over to 0 on midnight GPS Time of the evening of 21 August 1999/morning of 22 August 1999. It is the responsibility of the user (i.e. user equipment or software) to account for the previous 1024 weeks. Some receivers may display inaccurate date information, some may also calculate incorrect navigation solutions.
Despite all this, GNSSs represent by far the most common and convenient ways to obtain UTC. GPS and GLONASS disseminate corrections to their system times to obtain predictions of UTC(USNO) and UTC(SU), respectively. Galileo will also broadcast a physical realization of UTC, as will most likely other GNSS. GPS is broadcasting a prediction of UTC(USNO) which agrees to within a few nanoseconds with UTC(USNO) [12] , and UTC(USNO) agrees to within a few nanoseconds with UTC (see figure 3 and  table 1 ). This means that GPS broadcasts a prediction of UTC worldwide with an uncertainty of only a few nanoseconds. This is not the case for GLONASS, limited by an uncertainty of hundreds of nanoseconds, but it is likely to be improved in the near future through appropriate calibrations. Since January 2011, the BIPM has published in section 5 of its Circular T values of [UTC − UTC(USNO) GPS] and [UTC − UTC(SU) GLONASS], for predictions of UTC(USNO) and UTC(SU) broadcast, respectively, by GPS and GLONASS, see figures 3, 4 and table 1.
Because of the GNSS requirements for synchronizing internal GNSS system times to UTC, we observe that over the years the various UTC(k) have considerably improved their synchronization to UTC (see figure 1) . On the other hand, there is a need for the interoperability of various GNSS to further improve this synchronization. This question is raised by the recommendations of the UN International Committee on GNSS (ICG). In 2010 the ICG issued a request to BIPM to provide a rapid (weekly) solution of UTC to enhance synchronization and interoperability of various GNSSs. 
GALILEO System Time (GST)
The considerations here concern only the numbering of seconds of the GST and not other characteristics of GST. Already at the very beginning of the Galileo project, it was decided that GST would fulfil all international recommendations [13, 14] except that, in the same way as GPS time, it should be a continuous time without leap seconds. The designers wanted to ensure that the Galileo system would not face any discontinuities, in particular in its reference time scale. Such discontinuities could impact the provision of those Galileo services that are critical for Safety of Life Service. Initially, the use of TAI as reference for GST was considered. But criticisms were raised that in this way GST would become the only physical realization of TAI. This could lead to major confusion, as TAI is a paper time scale and was never recommended for broadcasting. Finally, for the sake of interoperability with GPS, it was decided that GST will have the same initial epoch as GPS time (see figure 2) . A decision to set the initial value of GST seconds to be equal to GPS time seconds simplifies the problem of interoperability to some extent, but it does not really solve the problem completely. The two system times being based on different time scales will gradually diverge without some kind of steering. Fortunately, they are steered to UTC, modulo 1 s. Still, the difference between the two time scales (GGTO − GPS Galileo Time Offset) will have to be estimated and broadcast in some way.
The choice of GPS time seconds for GST is a compromise that has some advantages but also inconveniences; the use of GPS time as an alternative time scale might be enhanced. Already now GPS time is used as the reference for some applications because it is a continuous time, unlike UTC. The use of an alternative time scale might cause confusion, as various time scales differ by tens of seconds.
Conclusion
Although for the purposes of navigation, internal time scales of GNSSs do not need to be synchronized to the international standard UTC, there is an obvious need for international coordination to simplify the operation of GNSSs and enhance their interoperability.
This concern is reflected in the recommendations of the Consultative Committee for Time and Frequency (CCTF) and of the International Committee of Weights and Measures [13] .
There is a need for further improvements in this synchronization. Recommendations of the United Nations International Committee for GNSS (ICG) show that interoperability is one of the main objectives of the ICG. In 2010 the ICG strongly recommended that the BIPM should provide a rapid (weekly) solution of UTC to enhance synchronization and interoperability of various GNSS; this 'rapid UTC' would serve as the reference for broadcasting GNSS time offsets. The introduction of this new service is now under consideration at the BIPM.
GNSS navigation messages broadcast system times and should consequently follow the recommendations of being as close as possible to UTC. However, for the sake of Safety of Life services and other relevant reasons, most GNSS service providers adopt alternative continuous time scales. These uniform system times are becoming, for similar reasons, alternative time scales for some civil applications. This may lead to major confusion; a number of possible examples are given that apply not only when users do not have any metrological background, but also in the case of some system operations.
Because of the difficulties caused by the leap seconds to modern infrastructures, in particular to GNSS, and because the main original reason for keeping leap seconds-celestial maritime navigation-is no longer used, the definition of UTC is now under revision. ITU-R in Geneva is working on a project of recommendation which may lead to stopping the application of leap seconds to UTC in about one decade.
